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SECTION  1 


INTRODUCTION 

The  use  of  a  pure  oxygen  atmosphere  for  space  flight  has 
stimulated  an  Intensive  Investigation  Into  possible  toxic  effects 
of  this  environment.  The  severe  pulmonary  effects  observed  In 
animals  breathing  lOOZ  oxygen  at  ambient  pressure  over  a  relatively 
short  period  of  time  have  been  well  documented  (Robinson,  1967; 
Klstler,  1965;  Weir,  1961).  Morphological  studies  Indicate  there 
Is  alveolar  edema,  exudate,  atelectasis  and  fibrosis  of  the 
alveolar  wall  resulting  In  a  thickening  of  the  alveolar-capillary 
tissue  barrier.  Effects  of  this  atmosphere  on  the  morphology  and 
metabolism  of  other  organs  also  have  been  reported  although  the 
basic  cellular  and  biochemical  mechanism  of  oxygen  toxicity  has 
not  been  precisely  defined. 

Rlesen  et  al  (1966)  have  found  an  uncoupling  of  oxidative 
phosphorylation  In  mitochondrial  preparations  from  the  livers  of 
rats  after  exposure  to  lOOZ  oxygen  at  760  mm  lig  for  72  hours. 

These  findings  correlate  well  with  morphological  changes  In  liver 
cell  mitochondria  from  the  same  group  of  rats  reported  by  Schaffner 
(1965).  Mautner  (1966)  described  similar  changes  In  mitochondria 
of  kidney  tissue  from  rats  exposed  for  1  and  2  days. 

Since  the  projected  atmosphere  for  some  space  flights  Is 
100.Z  oxygen  at  258  mm  Hg  pressure,  emphasis  has  also  been  placed 
on  Investigations  Into  the  possible  toxicity  of  this  environment. 
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Studies  using  various  experimental  animals  have  Indicated  that  there 
are  morphological  changes,  varying  In  Intensity,  In  liver,  kidney 
and  lung  tissue  after  exposure  for  8  months.  Lewerenz  et  al  (1967) 
have  reported  that  dogs  exposed  to  this  atmosphere  for  8  months 
show  changes  In  the  lung  which  result  In  a  decreased  gas  exchange 
surface,  probably  an  adaptive  response,  and  a  thickening  of  the 
alveolar  capillary  barrier  as  a  result  of  marked  Interstitial  edema. 
Morphological  changes  have  also  been  reported  in  liver  (Schaffner, 
1967)  and  kidney  tissue  (Mautner,  1966)  primarily  in  the  mitochondria, 
after  exposure  of  rats  to  this  atmosphere  for  several  weeks.  These 
tissues  appear  to  return  to  normal  after  90  days.  The  changes 
appeared  similar  to  those  found  In  animals  exposed  to  lOOZ  oxygen 
at  ambient  pressure  although  they  appeared  later  and  were  less 
severe. 

The  objective  of  this  Investigation  was  to  elucidate  the  time 
sequence  of  the  pathogenesis  of  oxygen  toxicity  in  various  tissues, 
particularly  defining  the  effects  occurring  after  short  exposure  to 
lOOZ  oxygen  at  ambient  pressure  that  were  similar  to  those  occurring 
after  long-term  exposures  at  lower  total  pressures,  and  to  correlate 
morphological  changes  with  changes  in  cellular  respiration,  organ 
function,  and  blood  oxygen  levels. 

Since  morphological  alterations  In  mitochondria  can  result  In 
uncoupling  of  oxidative  phosphorylation  with  a  decrease  In  cellular 
adenosine  triphosphate  (ATP)  production,  both  biochemical,  physiolog¬ 
ical,  and  morphological  parameters  were  measured.  Mitochondrial 


respiration  and  energy  production  In  liver  and  kidney  tissue,  kidney 
function  tests,  blood  gas  levels,  and  histopathologlcal  examination 
of  liver,  kidney  and  lung  tissue  were  determined  on  monkeys  exposed 
to  lOOZ  oxygen  at  ambient  pressure  for  4,  7  and  12  days. 


3 


SECTION  II 


METHODS 

Thirty-two  monkeys,  Macaca  mulatta.  ranging  In  weight  from 
2.7  to  5.1  kilograms  were  selected  for  exposure  for  the  three  time 
periods.  All  experiments  were  conducted  In  the  Thomas  Domes  (see 
Thomas,  1965).  These  domes  are  dynamic  flow  experimental  altitude 
chambers  In  which  the  environment  Is  automatically  controlled 
within  narrow  limits.  An  average  pressure  of  748  mm  Hg  was 
maintained  and  the  oxygen  content  was  between  992  and  100%.  The 
exact  dome  operating  conditions  are  described  In  Table  I. 

Table  I 

Dome  Operating  Conditions 


Average 

Range 

Pressure  nm  Hg 

748 

700-750 

Flow  Rate  cu.ft./mln. 

20 

18-35 

Temperature  “F. 

77.6 

74-81 

Relative  Humidity 

59 

42-69 

C02 

0.095% 

0.00-0.44% 

At  a  flow  rate  of  20  cfm  there  was  a  complete  turnover  of  the 
atmosphere  every  40  minutes.  Dally  entries  were  made  Into  the 
dome  through  an  air  lock  for  feeding  and  cleaning  procedures 
and  for  removing  dead  animals  when  necessary.  The  monkeys  were 
housed  In  Individual  cages  with  an  automatic  watering  system  and 
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were  fei.'  once  a  day  with  Furiiii^ monkey/  chow.  Control  anlraala  were, 
hoviaed  eviJ  f-t ated  It*  a  similar  rjonner  outside  the  dome, 

Sli  v'c  for  gas  analyses  wan  *>i..dwn  under  local  sn^sth^s-ia  from 

the  femoral  iirtary  of  all  animals  at  the  end  of  their  c,n.poyure 

period.  IV  and  Pco  levels  were  measured  by  an  Instrumentation 
a  e 

Laboratories  ilood  Gas  Ana.lyzer. 

Twelve  monkeya  were  selected  for  ev'aluat.<on  of  kidney  function 
and  morphology.  Each  monkey  served  as  his  own  control  i.'  this  phase 
of  the  study.  Tissue  for  electron  microscopic  examinatio.'.  was 
obtained  by  needle  biopsy  of  the  left  kidney.,  Tcr  facilitate  the- 
biopsy  procedure,  the  left  kidney  of  each  monkey  vas  surgically 
translocated  to  a  subcutaneous  pocket  (Yunis  1967,  Kaplan  .1967). 

Prior  to  exposure,  baseline  renal  function  tests  and  kidney  biopsies 
we.i:e  done  on  these  monkeys.  Glomerular  filtrauion  rate  (GFR)  w«.s 
determined  by  endogenous  creatinine  c.learance,  effective  lecal  plasma 
flow  (RPF)  by  para  amino  hlppuiate.  (PAH)  olfiarc.-ice .  and  tubular 
cxcietlcn  by  maxtii'um  PAH  clearance  (Xmax  PAH)  (Kaplan  1967),  A.fter 
baseline  data  were  obtained,  these  monkey.c  were  placed  in  the  Thomas 
dome.  Three  groeps  of  four  monke/s  each  were  exposed  for  /(,  /  and 
12  days,  re.spectively ,  and  the  function  tests  repeated.  Blopslc.n 
were  performed  24  hours  after  the  function  teste  V’er-:  .,o»up teted . 

Three  other  of  monkeys  were  exposed  for  4,  7,  and  12 

days  to  determine  the  effects  of  oxygen  on  liver  and  kidney  cellular 
respiration,  oxidative  phosphorylation,  and  ATP  levels.  The  monkeys 
were  anesthetized  with  Intravenous  sodium  pentobarbital,  30  mg/k. 

A  medial  abdominal  incision  was  made  to  expose  the  liver  and  the 
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kidneys.  For  ATP  analysis,  tissues  from  both  organs  were  frozen 
In  situ  as  described  by  Hohorst  et  a1.  (1959) ,  and  approximately 
one  gram  of  tissue  was  quickly  excised,  dropped  Into  liquid  nitrogen 
and  stored  on  dry  Ice  In  a  freezer  at  -20“C.  The  ATP  determinations 
were  performed  using  the  f luorlmetrlc  technique  of  Lowry  (1964) . 

For  liver  and  kidney  mltochoiJ  lal  Isolation,  approximately 
4.5  g  of  liver  and  kidney  tissue  were  excised,  placed  Immediately 
In  Ice-cold  sucrose,  0.25  M,  and  cut  Into  0.5  to  1.0  cm  pieces. 

The  mitochondria  were  prepared  essentially  by  the  method  of  Welnbach 
(1961)  Incorporating  some  modifications  described  by  Nelson  et  al 
(1967) .  The  chilled  minced  tissue  was  homogenized  for  about  30  seconds 
In  Ice-cold  sucrose,  302  weight/volume  (w/v).  In  a  glass  teflon  tissue 
homogenlzer.  The  homogenate  was  diluted  102  w/v  with  sucrose  and 
centrifuged  at  600  x  g  for  10  minutes  and  the  supernatant  decanted. 

The  supernatant  was  then  centrifuged  at  8500  x  g  for  10  minutes  and 
the  supernatant  decanted.  The  mitochondrial  pellet  was  resuspended 
In  sucrose  and  centrifuged  again  at  8500  x  g  for  10  minutes.  This 
wash  was  repeated  and  the  pellet  was  finally  resuspended  In  sucrose 
at  a  concentration  of  1  ml  sucrose  per  1  g  original  tissue  wet  weight. 
This  mitochondrial  suspension  was  kept  at  0**  C  until  used. 

Mitochondrial  oxygen  uptake  was  determined  manometrlcally  by 
Warburg  respirometry  using  a  glucose  hexoklnase  trap  for  phosphate. 

Both  an  o(~ketoglutarate  substrate,  which  undergoes  pyridine  nucleotide 
linked  oxidation,  and  a  succinate  substrate,  which  does  not,  were  used. 
Inorganic  phosphate  was  measured  by  a  modification  of  the  Flske 
Subbarow  method  Hawk  (1947),  and  protein  was  measured  by  the  Biuret 
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reaction.  Oxygen  consumption  per  unit  nitrogen  Q(0/N),  phosphate 

uptake  per  unit  nitrogen,  P/N,  and  the  ratio  of  phosphate  uptake  to 

oxygen  consumption,  P/0,  were  calculated  from  this  data.  Respiratory 

control  ratios  (RCR)  were  measured  polarographlcally  using  the  Gilson 

Oxygraph  and  a  Yellow  Springs  Instrument  Company  Clark  oxygen  electrode. 

A  constant-temperature,  circulating  water  bath  kept  the  temperature 

at  t  O.Ol^C.  The  mitochondrial  suspension,  0.1  ml,  was  Incubated 

In  a  medium,  pH  7.4,  containing  per  ml:  120  pioles  KCl,  20  pnoles 

glycylglyclne,  8  pmoles  MgCl2,  Stoles  orthophosphate,  10  ^oles 

substrate  (alpha-ketoglutarate  or  succinate).  Oxygen  uptake  of  the 

mitochondrial  suspension  was  measured  for  a  short  time  In  this 

condition,  state  4,  which  Is  defined  as  respiration  In  the  presence 

of  excess  substrate,  orthophosphate  and  oxygen  but  without  phosphate 

acceptor,  ADP.  Then  0.16  umole  ADP/ml  Incubation  medium  was  added 

and  oxygen  uptake  measured  In  the  presence  of  excess  phosphate 

acceptor,  state  3.  This  cycle  was  repeated  two  times.  The  respiratory 

control  ratios,  State  3  were  obtained  by  averaging  the  second 

Q(0/N)  State  4 

and  third  cycles  of  duplicate  Incubations;  ADP/0  ratios  were  also 
calculated  from  these  data. 

After  the  desired  procedures  were  completed  and  while  the  monkeys 
from  all  exposure  groups  were  still  anesthetized,  the  lungs  were  per¬ 
fused  with  glutaraldehyde  buffered  to  pH  7.4  for  morphological  exami¬ 
nation.  A  transverse  Incision  was  made  In  the  trachea,  and  a  cannula 
was  Inserted,  tied,  and  attached  to  a  bottle  containing  the  glutaralde¬ 
hyde.  The  bottle  was  fixed  at  such  a  height  that  at  the  start  of  the 
flow  the  hydrostatic  pressure  was  standardized  at  20  cm  water.  The 
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diaphragm  was  punctured,  and  the  solution  was  allowed  to  fill  the  lungs 
to  their  maximum  extensibility.  The  volume  was  measured  and  the 
trachea  was  tied  off.  The  longs  were  then  dissected  out  of  the  chest 
cavity  and  placed  In  a  glutaraldehyde  bath.  This  procedure  allows 
fixation  to  proceed  quickly  and  the  lungs  do  not  collapse,  thus 
providing  improved  sections  for  hlstopathologlcal  evaluation. 

The  animals  were  removed  from  the  dome  and  necropsled. 


SECTION  III 


RESULTS 

Mortality:  All  of  the  monkeys  showed  signs  of  distress  after  48  to 
72  hours  exposure.  They  became  lethargic,  refused  food,  and  huddled 
to  one  side  of  their  cage.  Between  4  and  8  days  exposure,  the 
monkeys  appeared  quite  111  and  seemed  In  respiratory  distress  with 
labored  breathing.  Two  of  the  five  monkeys  that  survived  12  days 
exposure  appeared  to  improve  on  the  9th  day  although  the  other 
surviving  monkeys  remained  quite  111.  Three  animals  had  a  frothy 
bloody  exudate  from  the  nose  and  nnuth  after  10  days  exposure. 

Twelve  of  the  thirty-two  monkeys  died  during  exposure.  Twenty 
survived  the  planned  exposure  times  and  were  sacrificed  In  the 
dome  after  the  procedures  were  completed.  The  data  on  time  of 
death  or  sacrifice  and  mortality  are  given  In  Table  II. 

Table  II 
Time  of  Death 

4  days  7  days  12  days 

Number  of  monkeys  8  75 

sacrlf Iced/tlme  period 

Mortality  1/32  8/23  12/17 

dead/number  exposed 

One  monkey  died  on  the  3d  day,  eight  died  between  the  5th  and  8th 
day  and  three  died  between  the  10th  and  12th  day. 

Blood  Gases:  The  blood  gas  data  are  listed  In  Table  III. 
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Table  III 
Blood  Gases  mm  Hg 


Control 

A  days 

7  days 

12  days 

Po 

Pco 

Po 

Pco 

Po 

Pco 

Po 

Pco 

a 

a 

a 

a 

a 

8 

a 

a 

100 

22.0 

515 

3A.0 

103 

70.5 

355 

33.5 

85 

29.5 

355 

35.0 

305 

AO.O 

115 

A2.5 

91 

25.5 

535 

39.5 

138 

30.0 

57 

- 

92 

22.5 

A60 

27.5 

93 

30.5 

355 

25.0 

98 

29.5 

500 

36.5 

50 

A3. 5 

A8 

AO. 5 

92 

26.5 

325 

32.5 

253 

A3. 5 

Control 

Po  values 

range 

from  85  to 

100  mm  Hg  and 

Pco  values 

from 

a 

a 

22.0  to 

29.5  mm  Hg. 

The 

low  control 

Pco 

4k 

values  probably 

are 

due 

to  hyperventilation  and  Increased  blood  lactic  acid  during  the 
procedure  for  obtaining  blood  samples.  All  monkeys  were  hyperoxlc 

after  A  days  exposure  with  an  Increased  Pco  ;  at  7  days  the  animals 
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were  hypoxic  relative  to  their  A-day  levels.  The  animal  that  showed 
a  Pco  of  70.5  mm  Hg  died  within  an  hour  after  the  blood  sample  was 

taken.  The  Po  and  Pco  values  at  12  days  were  scattered,  Indicating 

a  a 

an  Individual  variability  In  response. 

Kidney  Function:  The  results  of  the  baseline  and  post  exposure  kidney 
function  studies  are  shown  In  Table  IV.  Unfortunately,  only  5  of  the 
12  monkeys  exposed  survived  the  planned  exposure  period. 


Table  IV 


GFR 

ml/mln/k 

Baseline  Post  exposure 

RPF 

ml/min/k 

Baseline  Post  exposure 

Tmax  PAH 
mg/mln/k 
Baseline  Post 

:  exposure 

4  days 

2.46 

0.66 

16.87 

6.46 

1.96 

0.79 

2.76 

1.09 

11.98 

13.38 

1.52 

1.86 

7  days 

3.43 

2.56 

27.61 

34.00 

2.67 

2.48 

12  days 

2.48 

2.58 

14.30 

16.52 

3.29 

3.50 

2.60 

2.34 

7.90 

10.03 

1.61 

2.43 

The  first  4-day  monkey  listed  had  a  significant  decrease  In  the  three 
parameters  measured;  the  second  four  day  monkey  listed  had  a  significant 
decrease  In  GFR.  The  other  animals  showed  no  significant  change.  Examination 
of  the  biopsy  tissue  by  electron  microscopy  showed  morphological  changes, 
primarily  In  the  mitochondria  of  the  proximal  tubules  of  the  animals  exposed 
for  4  and  7  days.  These  changes  consisted  of  mitochondria  with  an  absence 
of  chrlstae,  degeneration  of  some  mitochondria  and  an  Increased  number  of 
mlcrobodles  In  the  cells.  The  tissue  from  monkeys  exposed  for  12  days 
showed  less  severe  changes,  with  an  apparent  return  to  more  normal-appearing 
cells . 

Cellular  Respiration:  A  total  of  16  monkeys  were  exposed  for  the  various 
time  periods  for  the  studies  on  cellular  respiration  and  energy  production. 
Fifty  per  cent  expired  before  completing  the  test  intervals.  Therefore  we 
were  able  to  evaluate  only  three  monkeys  at  4  days,  three  at  7  days,  and 
two  at  12  days.  There  were  five  control  monkeys.  The  Individual  values 
for  each  animal  and  the  average  values  for  each  exposure  time  group  for 
ATP  levels,  P/0  ratios,  anf!  P/N  ratios  in  liver  and  kidney  tissue  are 
shown  In  Tables  V,  VI,  and  VII,  respectively.  The  Q(0/’N)  values  In 
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State  3  and  State  4,  the  ADP/0  and  RC  ratloa  are  listed  In  Tables 
VIII,  IX,  X,  and  XI,  respectively. 

There  appeared  to  be  a  trend  toward  decreased  ATP  levels  with 
Increased  tim'd  of  eicposure.  This  Is  particularly  evident  In  the 
kidney  tissues.  The  changes  in  kidney  ATP  levels  occurred  earlier 
than  in  liver,  and  tho  changes  were  more  uniform  among  the  Individual 
animals  In  each  exposure  group.  The  P/0  and  P/N  ratios  also  ihowed 
a  trend  downward  with  Increased  time  of  exposure.  The  respiration 
rate,  Q(0/N),  In  State  4,  l.e.  that  occurring  In  the  absence  of  ADP, 
appears  to  be  elevated  after  prolonged  exposure  to  oxygen.  ADP/0 
values.  In  contrast  to  the  P/0  ratios  obtained  using  Warburg 
Respirometry,  are  unchanged.  There  Is  a  minimal  depression  of  the 
RC  ratios  which  is  probably  a  reflection  of  the  Increased  Q(0/N) 

In  State  4. 
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Tabl*  V 


ATP  Concentration 
^mtolea/g 

Liver 


Control 

4  days 

7  days 

2.6 

3.6 

3.6 

1.5 

2.1 

2.7 

3.8 

2.4 

2.3 

3.1 

3.6 

2.9 

iTl 

2.9 

Kidney 

0.7  1.9  1.6 

1.7  0.9  1.5 

.7  1.1  1-1 

.9 

.4  _  _ 

Ti  1.3  i-« 


12  days 

1.7 

2.9 

273 

1.1 

0.9 

TTo 
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Table  VI 


P/0  Ratio 

Liver 

Kidney 

Ketoglutarate 

Succinate 

<>.  Ketoglutarate 

Succinate 

Concrol 

3.8 

1.7 

3.0 

1.9 

3.1 

1.7 

2.9 

1.9 

2.7 

2.1 

3.0 

1.9 

2.3 

2.3 

3.4 

2.7 

1.8 

3.1 

2.0 

ITo 

1.9 

3.1 

2.1 

4  Days 

3.4 

1.5 

2.7 

1.7 

2.6 

1.5 

2.2 

1.7 

3.1 

2.1 

3.0 

m 

2.3 

177 

7  Days 

2.0 

1.6 

2.0 

1.5 

2.3 

1.3 

2.5 

1.6 

3.1 

1.4 

2.4 

1.5 

2.5 

1.4 

2.3 

1.5 

12  Days 

2.4 

1.5 

2.5 

1.6 

2.6 

1.4 

2.8 

1.9 

2.5 

1.4 

2.7 

1.8 

..r 

V. 
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Table  VII 


P/N  Ratio 


ai  Ketoglutarate 

Liver 

Succinate 

Kidney 

Ketoglutarate 

Succinate 

Control 

8.5 

10.0 

20.0 

17.0 

8.1 

10.7 

27.5 

17.1 

9.7 

11.5 

28.6 

19.7 

8.0 

10.7 

32.1 

23.4 

11.8 

6.9 

22.7 

15.4 

9.2 

10.0 

26.2 

18.5 

4  Days 

4.5 

7.9 

17.9 

14.0 

8.4 

6.9 

14.6 

12.6 

5.3 

6.1 

774 

9.7 

14.1 

1373 

7  Days 

7.3 

9.6 

11.5 

9.8 

6.0 

7.8 

20.8 

15.5 

4.3 

7.7 

14.2 

11.0 

5.9 

8.4 

15.5 

12.2 

2  Days 

5.4 

7.0 

16.9 

10.9 

8.4 

9.3 

24.1 

16.0 

6.9 

8.2 

20.5 

13.4 
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Table  IX 


Q(0/N)  State  4 


Liver 

Kidney 

cA  Ketoglutarate 

Succinate 

M  Ketoglutarate 

Succinate 

Control 

6.7 

11.5 

13.5 

26.0 

5.9 

10.3 

14.2 

23.9 

5.7 

10.9 

15.2 

29.6 

6.3 

10.6 

16.2 

27.8 

6.2 

10.9 

14.8 

26.8 

4  Days 

6.4 

11.2 

10.5 

20.7 

7.8 

13.4 

16.1 

27.2 

1.7 

13.6 

14.4 

25.2 

7.3 

12.7 

13.7 

24.4 

7  Days 

5.2 

11.8 

9.9 

17.4 

6.6 

11.3 

13.5 

21.5 

7.7 

12.6 

12.9 

20.9 

6.5 

11.9 

12.2 

20.0 

.2  Days 

8.4 

14.7 

22.4 

37.3 

6.7 

12.5 

15.7 

26.4 

7.6 

13.6 

19.0 

31.9 

Table  X 


ADP/0 


Liver 

Kidney 

c7<  Ketoglutarate 

Succinate 

Ketoglutarate 

Succinate 

Control 

2.0 

1.5 

2.0 

1.4 

2.1 

1.5 

2.1 

1.5 

2.1 

1.5 

1.9 

1.3 

2.1 

1.5 

2.1 

1.5 

2.1 

1.5 

2.0 

1.4 

A  Days 

2.0 

1.4 

2.0 

1.4 

1.9 

1.4 

1.7 

1.1 

1.8 

1.4 

1.7 

1.3 

1.9 

1.4 

1.8 

1.3 

7  Days 

1.9 

1.5 

1.7 

1.3 

2.0 

1.4 

2.1 

1.4 

1.9 

1.3 

?.l 

1.4 

1.9 

1.4 

2.0 

1.4 

L2  Days 

1.7 

1.5 

1.7 

1.2 

2.1 

1.5 

2.1 

1.5 

1.9 

1.5 

1.9 

1.4 

Table  XI 


RC  Ratio 


Liver  Kidney 

ey>.  Ketoglutarate  Succinate  <7^>Ketoglutarate 


Control 

3.2 

4.1 

3.3 

3.5 

4.4 

3.6 

4.3 

4.7 

2.2 

3.7 

4.5 

3.5 

3.7 

4.5 

3.1 

4  Days 

3.1 

4.4 

4.2 

2.9 

3.4 

2.2 

2.7 

3.8 

2.0 

2.9 

3.8 

2.8 

7  Days 

3.1 

4.4 

1.9 

3.6 

4.5 

4.4 

2.5 

3.6 

3.2 

3.1 

4.1 

3.1 

12  Days 

2.7 

2.9 

2.4 

3.4 

4.4 

3.5 

3.0 

3.7 

3.0 
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Succinate 

2.9 

3.1 

2.6 

3.2 
2.9 

4.1 

2.0 

2.4 

2.8 

2.5 

3.5 
3.0 
3.0 

2.1 

3.1 

2.6 


I 


Morphology;  The  most  pronounced  morphological  changes  were  seen 
In  the  lung.  However,  27  of  the  32  monkeys  alao  had  pathological 
changes  In  the  kidney.  There  was  a  mild  to  moderately  severe 
nephritis  with  tubular  swelling  and  some  tubular  necrosis.  Some 
tubules  were  filled  with  an  eosinophilic  material  and  with  hyaline 
casts.  There  war  also  a  mild  proteinuria.  The  severity  of  these 
changes  did  not  appear  to  be  correlated  with  time  of  exposure. 

The  lung  pathology  and  time  sequence  of  pulmonary  morphological 
changes  are  described  below.  Most  of  the  monkeys  had  a  mild 
Infestation  of  lung  mites. 

The  one  monkey  that  died  on  the  3d  dety  of  exposure  had  a  marked 
alveolar  edema  with  a  small  amount  of  alveolar  exudate  which  was 
flbrlnocellular  in  nature.  There  was  a  mild  focal  septal  edema 
containing  Inflammatory  cells  and  a  mild  peribronchiolar  Inflammation. 

Eight  animals  were  sacrificed  after  A  days  exposure.  The  larger 
vessels  were  mildly  congested;  there  was  a  moderate  focal  peribronchiolar 
inflammation;  and  the  lymphatics  were  distended.  The  septa  had  mild 
focal  edema.  Alveolar  edema  was  found  In  varying  Intensity  In  all 
cases  with  an  alveolar  exudate  mainly  of  fibrin  but  with  some  polymor¬ 
phonuclear  neutrophlles  and  red  blood  cells.  There  did  not  appear  to 
be  enough  lung  daxmge  to  cause  any  Impairment  of  gas  exchange  across 
the  alveolar  capillary  barrier. 

Five  animals  died  on  the  Sth  and  6th  day  of  exposure.  These 
monkeys  had  a  moderate  amount  of  alveolar  edema  with  a  diffuse 
flbrlnocellular  alveolar  exudate  containing  a  few  polymorphonuclear 
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calls  and  phagocytes.  Several  aonkeys  had  focal  heoorrhagea  In  the 
alveoli.  There  waa  Increased  septal  thickening  with  edeaa,  Inflaa- 
aatory  cells,  and  red  blood  cells.  Several  laonkaya  had  hypertrophy 
and  hyperplasia  of  the  granulocytic  pneuaocytea.  Theae  aonkeys 
showed  no  evidence  of  aajor  lapalraent  of  gaa  exchange. 

Nine  monkeys  were  necropaleo  after  seven  days  exposure.  There 
was  a  aarked  aeptal  thickening  priiaarlly  due  to  f Ibrlnoblasta  with 
an  Increase  In  collagen  and  connective  tlasue.  Fibrin  and  neutrophllaa 
were  scattered  through  the  septa.  Granulocytic  pneusweytes  ware  hyper¬ 
trophic  and  hyperplastic.  Alveolar  edeaa  and  exudate  containing  fibrin, 
red  blood  cells  and  phagocytes  were  aeen  in  all  aonkeya.  Two  awnkeys 
had  a  moderately  extensive  emphysema.  In  six  of  the  aniaals  a  narked 
degree  of  edeaa  superlaposed  upon  a  large  aaount  of  organising  or 
consolidated  f Ibrlnocellular  exudate  was  probably  severe  enough  to 
cause  lapalraent  of  gas  diffusion. 

Four  aniaals  died  between  the  8th  and  12th  day  of  exposure. 

There  was  a  severe  septal  thickening  with  connective  tissue, 
fibroblasts,  edeaa  and  Inflaaaatory  cells.  The  grsnulocytlc 
pneuaocytes  were  both  hypertrophic  and  hyperplastic.  The  severe 
alveolar  exudate  was  f ibrlnocellular  and  in  many  areas  it  was 
difficult  to  differentiate  between  the  septa  and  the  exudate. 

Two  of  the  monkeys  had  a  moderately  severe  eaphyseaa. 

One  anlaal  that  was  sacrificed  on  the  12ch  day  had  only  wild 
lung  changes.  Thera  was  a  very  alniiul  amount  of  alveolar  edeaa 
and  axudate.  The  septa  were  thickened  by  connective  tissue  but 
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Ch«  lungs  appesred  In  fairly  good  condition.  However,  Che  other  four 
■onkaya  axposad  for  12  daya  had  large  areaa  conaolldaCed  with  organized 
alveolwr  sxudata  conpoaed  of  connective  ciaaue,  fibrin  and  cells,  and 
heavily  chickened  aapCa  separated  by  eaphyaematoua  areas.  There  was 
extreae  hyperplasia  and  hypertrophy  of  granulocytic  pneumocytes  In 
areas  not  consolidated.  Theae  nonkeys  had  groasly  impaired  gas 
diffusion. 

In  one  animal,  the  exudate  appeared  to  be  resolving  slightly. 

Areas  of  consolidation  alternated  with  areaa  containing  no  exudate 
and  moderately  thickened  septa  in  a  ratio  of  approximately  3:1. 
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SKCTION  IV 


DISCUSSION 

The  principal  cauae  of  death  In  theae  aonkeya  waa  apparently 
a  severe  hypoxia  reaultln^  froo  an  lapalred  gaa  dlffualon  acroaa 
the  alveolar  capillary  barrier.  Generally  the  lung  pathology 
followed  a  pattern  of  nild  congeatlon  and  Inflaaaation  at  4  days, 
an  acute  and  severe  alveolar  edeisa  with  a  massive  amount  of  exudate 
at  7  days  and,  at  12  days,  either  a  consolidation  of  exudate  with 
emphysematous  areas  present  or  a  resolution  of  the  exudate  with  a 

thickened  layer  of  connective  tissue  In  the  septa.  The  blood  Po 

a 

levels  reflected  this  pattern  fairly  well. 

All  Po  levels  indicated  an  hyperoxla  during  the  early  stage 
with  a  relative  hypoxia  developing  as  the  acute  phase  progressed 
and,  finally,  either  an  absolute  hypoxia  with  the  most  severe  lung 

•  changes  or  an  Increase  In  Pq  In  those  animals  able  to  resolve  the 

8 

exudate.  This  pattern  generally  followed  that  described  by  Robinson 
et  al  (1967);  l.c.  an  acute  ''exudative"  phase,  characterized  by  a 
large  degree  of  alveolar  edema  and  exudate  with  septa  thickened  by 
f Ibrlnocellular  material,  followed  by  a  "proliferative"  phase 
consisting  of  an  Increase  In  connective  tissue  in  the  septa  with 
no  edema  or  exudate.  The  authors  considered  this  latter  phase 
compatible  with  life  In  this  atmosphere.  They  reported  the  time  of 
onset  of  symptoms  and  the  pathological  changes  as  being  most  pro¬ 
nounced  between  3  and  7  days  of  exposure. 
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In  th«  •xperinenC  descrlbad  above,  Che  changes  in  the  lung 
occurred  sore  slowly  end  were  nosC  severe  between  6  and  9  days  exposure. 
Moreover  only  two  of  the  monkeys  exposed  for  12  days  gave  any  Indication 
of  being  in  the  "proliferative"  phase  and  one  of  these  still  had  a 
severe  alveolar  exudate.  We  did  not  feel  Chat  either  of  these  animals 
would  survive  this  atmosphere  indefinitely.  The  Increasing  layering 
of  fibrin  in  the  septa  would  eventually  lead  to  a  diffusion  barrier 
of  sufficient  magnitude  to  cause  hypoxia.  Furthermore,  in  our 
study,  the  majority  of  the  monkeys  were  unable  to  resolve  the 
extreme  amount  of  edema  and  exudate  and  died  in  Che  exudative  phase. 

The  difference  in  time  of  onset  of  symptoms  and  lung  changes  is 
probably  due  to  individual  animal  variation. 

The  only  other  consistent  pathological  damage  was  observed  in 
the  kidney  tissue.  Both  the  light  and  electron  microscopic  examination 
of  the  kidney  showed  rather  nonspecific  but  definite  pathological 
changes  occurring  at  4  and  7  days  exposure  with  an  apparent  reversed 
trend  toward  normal  at  12  days. 

Although  Che  number  of  monkeys  chat  had  kidney  function  tests 
performed  was  extremely  limited,  the  data  tend  to  substantiate  the 
morphological  changes:  decrease  in  GFR  in  two  monkeys  and  in  RPF 
and  Tmax  PAH  in  one  monkey  after  four  days,  with  no  functional 
changes  seen  at  7  or  12  days.  The  same  changes  in  kidney  function 
at  the  same  times  of  exposure  were  also  seen  in  two  monkeys  exposed 
to  lOOZ  oxygen  at  750  mm  Hg  in  a  previous  experiment.  The  major 
damage  to  the  kidneys  occurs  during  Che  hyperoxlc  period  with  a 
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return  to  normal  levels  as  the  monkeys  become  progressively  hypoxic. 
The  P/0  and  P/N  ratios  In  the  kidney  appeared  to  have  a  similar  trend 
although  the  changes  were  not  statistically  significant.  The  kidney 
ATP  levels,  however,  were  still  low  after  12  days  exposure.  It  say 
be  that  these  would  also  tend  to  return  to  normal  values  If  followed 
for  a  longer  period  of  time. 

The  decrease  In  P/0  ratios,  P/N  ratios  and  ATP  levels  were  not 
severe  enough  In  either  kidney  or  liver  tissue  to  cause  death.  The 
kidney  tissue  appeared  to  be  more  sensitive  and  to  exhibit  a  store 
uniform  response  to  the  oxygen  atmosphere  than  liver  tissue.  There 
Is,  however,  no  correlation  between  the  level  of  Po  and  degree  of 
depression  of  cellular  respiration.  The  animal  with  the  greatest 
degree  of  uncoupling  did  not  have  the  lowest  Po  . 

Although  exposure  to  lOOZ  oxygen  for  4,  7,  and  12  days  did 
cause  a  certain  amount  of  uncoupling  of  oxidative  phosphorylation 
and  decreased  energy  production  In  liver  and  kidney  tissue  as  well 
as  functional  changes  and  morphological  changes  In  the  kidney,  the 
major  pathological  changes  occurred  in  the  lung  with  the  cause  of 
death  most  probably  due  to  severe  hypoxia. 
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